In order to improve the control quality of the active reflector system which is used in the 500 m aperture spherical radio telescope (FAST) project, a study on hydraulic actuator is proposed. The dynamic performance of hydraulic actuator is due to the interaction of several physical phenomena. Modeling of such a system needs a unified approach to represent the nonlinear behavior characteristics. Bond graph model is ideal for this task. In addition, conventional PID control strategy cannot achieve the required accuracy and precision, so we combine grey prediction with PID control. Furthermore, a new adjustment mechanism is presented to change the grey step size, which is simple, automatic, less time-consuming, and efficient. Simulations and experiments on the actuator are carried out to evaluate the effectiveness of the proposed control method. In experiments, the velocity error is less than 0.05mm/s and the position error is less than 0.2mm. It shows the actuator meets the astronomical observation requirement totally.
Introduction
Five hundred-meter aperture spherical radio telescope (FAST) project belongs to Chinese "megascience" project building in the unique karst area, which will be the largest single aperture radio telescope in the world [1] [2] [3] . It is primarily composed of active reflector system, the supporting system, the measurement and control system, and the receiver and the terminal system. As is shown in Figure 1 , the fundamental surface of active reflector is with a radius of 300m, caliber of 500m spherical cap surface, whose spherical cap angle is 110 to 120 degrees. In order to realize the active deformation characteristics of radio telescope, the supporting structure of active reflector adopts the cable net structure which consists of ring beam, main cable net, drop-down cable net, triangular reflector unit, hydraulic actuator, and anchor block. The triangular reflector unit is laid in the main cable net which is fixed on the beam, and the triangle vertices are connected by cable net nodes. The drop-down cable net links the hydraulic actuator to each node. In accordance with the angle of celestial bodies (S1 and S2) and the realtime shape of active reflector, hydraulic actuators adjust the triangular reflector units position to form a 300m caliber instantaneous paraboloid in the radio source direction. As a result, electromagnetic waves converge on the focusing surface [4, 5] .
In the active reflector system, it requires small installation space, compact volume, large output power, and long-term open-air work of hydraulic actuators. And the hydraulic actuator should mainly realize two working conditions. Firstly, the actuator changes the observation target, which is the point-to-point motion with a closed-loop velocity control. The average velocity is required to reach 1.6mm/s, and the velocity error is no more than 0.05mm/s. Secondly, the actuator traces the observation target in a closed-loop position control. In this situation, the position error is less than 0.25mm without velocity requirements.
There are two types of hydraulic actuators: valvecontrolled cylinder [6] [7] [8] and pump-controlled cylinder [9, 10] . The valve-controlled hydraulic actuator with hydraulic servo valve as control unit is gradually replaced by the pumpcontrolled hydraulic actuator because of its characteristics of large throttling loss, low efficiency, high requirement of oil cleanliness, and high price. Therefore, based on the above requirements, the hydraulic actuator with the form of pumpcontrolled differential cylinder is adopted in this paper. The hydraulic actuators mentioned in this paper are all these kinds of hydraulic actuators.
The recent research on pump-controlled differential cylinder mainly focuses on two aspects of modeling and control strategy.
For modeling, in [11] , the AMESim software is directly used to model the whole hydraulic system, rather than focusing on the mathematical description of the system model. In [12] , a mathematical model of the hydraulic system is established by state space equations, but its research point is the nonlinearity of friction force, and the mathematical model is relatively simple. In this paper, the hydraulic actuator system is modeled with the method of bond graph, which not only considers the flow compensation due to the asymmetry of hydraulic cylinder, but also takes the coupling of several energy domains into account. A precise mathematical model of the hydraulic actuator is established effectively.
For the control strategy, in [13, 14] , the nonlinear dynamic feedforward compensation control strategy on the basis of reforming the flow distribution principle of the pump or using a special asymmetrical pump is proposed to improve the dynamic and static performance of the differential cylinder. In [15, 16] , sliding mode control and robust H∞ sliding mode control are developed, which can achieve accurate trajectory tracking and effectively resist external interference, but the control object is the reformed single-rod cylinder, not the differential cylinder. Moreover, the control signal of sliding mode control cannot avoid the chattering, which would damage the mechanical system. In [17, 18] , the neural network is used as an identifier or a controller to the pump-controlled differential cylinder system to accelerate the convergence rate of the tracking error. However, after each operation, the weights of the neural network need to be updated; such complicated calculations make it unsuitable for engineering practice. In this paper, a switching grey prediction PID control strategy is proposed, which is not based on any modification of system components. Besides, the interaction of several physical phenomena, the uncertainty of the system parameters, the hysteresis, and other nonlinear factors are considered comprehensively. Grey system theory is particularly designed for handling situations in which only limited data are available, especially as the system is not well-defined and fully understood. The grey prediction technique has been successfully employed to solve many engineering problems including robot position control, piezo-actuators position control which has the inherent hysteresis characteristic, a nonlinear liquid level system control, and boiler drum level control [19] [20] [21] [22] . Therefore, the goal of this control strategy is to apply grey theory to tune up the control parameters. Moreover, this paper describes a simpler scheme to change the step size of the grey predictor, which not only avoids the complexity that the step size is changed by the establishment of fuzzy rules [23] , but also avoids the inaccuracy that the step size is changed by step transform threshold set by experience [24] .
In this paper, the working principle and the integrated structure of hydraulic actuator are designed for FAST project. Secondly, its state space model is established by the method of bond graph. Then, a switching grey prediction PID control strategy is designed according to the working conditions of the hydraulic actuator in the active reflector system. In order to verify the effectiveness of the whole control strategy, not only is simulation carried out on the basis of the bond graph model, but also a field experiment platform is built in FAST and field tests are conducted.
Hydraulic System of the Actuator
The hydraulic system is in the form of pump-controlled hydraulic differential cylinder, whose working principle is showed in Figure 2 [25] . Apparently, the unique system could not only meet the movement requirements of active reflector system just by controlling the rod chamber of differential hydraulic cylinder, but also allow a variable transmission of power by connecting a pump directly to an actuator [26] .
Working Principle of Installation and Commissioning
2.1.1. Automatic Adjustment. In this case, there is no-load. As the piston rod extends out, the solenoid valves (DC1 and DC2) are energized and the motor is reversed (counterclockwise), so the rod chamber is connected to the nonrod chamber. The oil supplied by the pump is combined with the oil from rod chamber and then flows into the nonrod chamber to realize the output of the piston rod by using differential output structure.
When the piston rod is retracted, DC1 and DC2 are off, while the motor is also reversed. The oil flows from the oil tank to the rod chamber, passing through the pump and YDF. Oil in nonrod chamber flows back to the oil tank.
Manual Adjustment.
In the absence of electricity, the piston rod can be extended or retracted at a certain speed to meet the commissioning needs by using quick-change connector and hand pump.
Working State.
In this case, the actuator is pulled by the triangular reflector unit, solenoid valves (DC1 and DC2) are off all the time, and the nonrod chamber is connected to the tank. When the piston rod extends out, the external load is driving force. On the contrary, the external load is resistance when the piston is retracted. The system can realize the automatic correction and compensation in a closed-loop control condition, while the velocity and position signals of the piston rod are fed back to the electrical control system through the sensor. As the piston rod extends out, the motor is clockwise, and the outlet pressure of the gear pump is increasing. When the pressure reaches the set pressure of YL3, the YDF opens. With the external load, the oil flows from the rod chamber to the nonrod chamber via the YDF, gear pump, and YL3. Because the two chamber areas are different, the compensatory oil flowing into the nonrod chamber is from the tank.
When the piston is retracted, the motor is reversed, the oil is transported to the rod chamber by the gear pump, and the oil in nonrod chamber flows back to the tank.
Integrated Structure.
The mechanical structure of hydraulic actuator is shown in Figure 3 . The integrated valve block consists of solenoid valve, relief valve, overflow valve, counterbalance valve, pilot operated check valve, check valves, filter, quick-change connector, power supply, and communication interface, which not only optimizes the layout of the components, but also saves the volume. The switch power supply is a low voltage DC, and the electric protective cover is made of die cast aluminum. To effectively restrain the temperature rise, the heat conducting pipes are arranged on the electric machine to carry out auxiliary heat radiation.
The hydraulic actuator does not require extra equipment, such as oil pipelines and large external control system. Electrical control part is arranged in the motor terminal support, and the displacement sensor mounted on the cylinder bottom feeds back position signal to the controller. In addition, sealing structure makes the oil avoid the external pollution and improves the adaptability of the actuator. Figure 4 , which can also be called the hardware flow chart of the closed-loop control system. In normal working condition, external power supply provides electricity for system by the filter installed in the hydraulic actuator; external control signal is delivered to control port by fiber interface. Closed-loop control of the hydraulic system is implemented by the displacement sensor, while the temperature signal and pressure signal are just regarded as warning signals to ensure the security of the system.
System Block Diagram. System block diagram is illustrated in

Dynamic Bond Graph Model of the System
Modeling an actuator system is a complex process. The reasons are as follows.
First of all, the hydraulic actuator is a nonlinear and uncertain system due to the asymmetry of differential cylinder and the influence of environmental temperature on the hydraulic fluid bulk modulus and the hysteresis [27] . Secondly, the hydraulic actuator system has the coupling of several energy domains (mechanical, electrical, hydrodynamic, etc.) [28] [29] [30] [31] . Moreover, traditional modeling methods such as transfer functions cannot meet the requirements of modeling a multi-input system. Finally, for this hydraulic actuator, six state variables need to be selected while modeling by the state equations directly. However, the selection of so many state variables is very difficult. Hence, the bond graph approach is proposed which can decompose the system into subsystems to exchange energy. The global state space equation can be established accurately by this method.
In the bond graph, 0-Junction is a common effort junction which relates effort variables at one point; 1-Junction is a common flow junction which relates flow variables at one point.
is a converter which describes a transformation relationship between two effort variables or two flow variables in the process of energy transfer.
is a gyrator which describes a transformation relationship between effort variables and flow variables in the process of energy transfer.
The system's main power flows are shown in Figure 5 . permanent magnet synchronous motor. Therefore, the design of the hybrid stepping motor servo system can consult with the experience of the permanent magnet synchronous servo system [32, 33] . The voltage balance equation is shown as follows:
Bond Graph Model of the
where and represent the stator voltage of A axis and B axis, respectively, is the winding resistance, is the inductance coefficient of winding, and are the current in winding, is the rotor teeth number, Φ is the magnetic flux of permanent magnet, is the electric angular velocity of the rotor, and is the angular displacement of the rotor.
The electromagnetic torque equation is
The mechanical motion equation is
where is the load torque, is the moment of inertia of the rotor, is the viscous friction coefficient. The bond graph of the motor with the electrical loss and mechanical loss into consideration is shown in Figure 6 , where 1 is the effort variable on the input port, is the internal resistance caused by the viscous friction of the motor (i.e., = 1/B ), is the torque coefficient (i.e., = Φ ), is the output torque, and is the output speed.
Bond Graph Model of the External Gear Pump.
The diagram of gear pump is shown in Figure 7 . Define as the rotation speed of the pump and as the displacement of the pump. , , , and are the pressure and flow of the pump inlet and outlet, respectively, and Δ is the pressure difference. The flow equation of gear pump is
where V is the internal leakage coefficient; V is the liquid capacity of the pump working chamber. The torque equation of gear pump is where 3 is the torque loss coefficient because of the pressure, is the linearization coefficient, and is the moment of inertia of the pump.
According to the equivalent of hydraulic power and mechanical power, the linear motion equation of pump can be obtained:
where Δ is the actual pressure difference during the pump working,
2 , and is theoretical flow (i.e., = ). The bond graph of the external gear pump is established based on the above equations, which is shown in Figure 8 . In this model, 2 is the effort variable on the input port of the gear pump; is the input torque; is the input angular velocity; is the output pressure; is the output flow rate.
is internal resistance caused by rotational resistance loss of the pump, V is internal resistance caused by internal leakage of the pump (i.e., V = 1/ V ).
Bond Graph Model of the Hydraulic Cylinder.
The schematic diagram of hydraulic differential cylinder is shown in Figure 9 .
Considering the compressibility of the hydraulic fluid and leakage in the hydraulic differential cylinder, the flow equation can be obtained:
where 1 and 2 are the flow of the rod chamber and nonrod chamber; 1 , 1 and 2 , 2 are the pressure and effective area of the rod chamber and nonrod chamber, respectively. , are the internal leakage coefficient and external leakage coefficient of the cylinder. 1 and 2 are the liquid volume of the rod chamber and nonrod chamber. is the bulk modulus of hydraulic fluid; is the displacement of the piston rod. The pressure of nonrod chamber is close to zero because it is connected to the tank all the time, so we define that 2 = 0. Assuming that the initial volume of rod chamber is zero, is the stroke of hydraulic cylinder, and 1 , 2 can be simplified to
The force balance equation of the hydraulic cylinder is
where is the total mass which consists of the piston mass and the reduced mass delivered by the load, is the total viscous damping coefficient, and is the pull of the cable net.
From the above equations, we can get the bond graph of the hydraulic cylinder, which is shown in Figure 10 .
In the model of hydraulic cylinder, is the input flow variable; is the input pressure; is the input flow; is the output force; V is the output velocity. is force source, which is the pull of the cable net. is internal resistance caused by viscous damping (i.e., = 1/ ); is internal resistance Mathematical Problems in Engineering caused by the internal leakage and external leakage of the cylinder (i.e., = 1/( + )). is the liquid capacity of the rod chamber. When the piston rod is at the midpoint of the hydraulic cylinder, the stability was worst, so we compute liquid capacity based on midpoint. The liquid capacity ( ) of the rod chamber at the time is
Global System
Modeling. In summary, the bond graph model of the system can be integrated into the form which is shown in Figure 11 , where is the total moment of inertia of the motor rotor and the pump; is the total resistance loss coefficient of motor and pump. The voltage of the motor 1 is controlled by the automatic speed regulator (ASR), while the essence of ASR is the PI regulator whose input is the difference value of target angular velocity and output angular velocity. According to the principle of stepping motor, the following equation shows the relationship between the pulse frequency and the angular displacement:
where ( ) represents the pulse frequency function and represents the step angle of the stepping motor. Therefore, we can control the angular displacement and the rotation velocity of stepping motor by controlling ( ).
State Equation Expression of the System.
The system is multiple input single output system, which contains six energy storage elements. Two inputs are, respectively, 1 and ; the output is V . According to the characteristic equation of every energy storage element and the constraint equation of each node, mathematical equation can be established as follows: 
The 6 state variables are, respectively, the generalized momentum 2 at bond 2, the generalized momentum 6 at bond 6, the generalized displacement 10 at bond 10, the generalized momentum 13 at bond 13, the generalized displacement 16 at bond 16, and the generalized momentum 20 at bond 20.
The state space expression of the system iṡ In the system, the state matrix ( ), input matrix ( ), the output matrix ( ), and direct coupling matrix ( ) are 
As a result, the global system modeling of the closed-loop system can be expressed as in Figure 12 , which is simple and convenient.
System Controller
Schematic of Switching Grey Prediction PID Control.
As showed in Figure 13 , the control principle of the switching grey prediction PID (SGPID) control is achieved through adding the grey prediction model into the feedback loop of PID controller.
If (0) ( ) is the sampling value at time , the equaldimensional new information sequence composed of the most recent data is described by
According to the metabolic principle, the equal dimension new information GM (1, 1) model is constructed [34] . The step forecasting output of the system iŝ
where and are the development coefficient and the grey input coefficient; is the forecasting step size. In industrial control, the dimension of the sequence for constructing equal-dimensional new information GM (1, 1) model is not too large, usually = 5. The forecasting step size has a prominent impact on the control effect of the grey prediction PID control system. In order to improve the performance of the controller further, a new step adjustment mechanism is introduced to change the step size of the grey predictor. It can adjust the step size automatically according to the prediction error ( ), the actual error ( ), and the rate of actual error change ( ).
4.2.
Step Adjustment Mechanism (SAM). As showed in Table 1 , if ( ) ⋅ ( ) < 0, it indicates that the output of the system is close to the set value; thus the absolute value of the forecasting step should be a smaller value in order to avoid overshoot. On the contrary, when ( ) ⋅ ( ) ≥ 0, it shows that the output is seriously deviated from the set value, and the actual error is large, so the absolute value of the forecasting step should be a larger value.
Simulation and Analysis
In order to verify the effectiveness of the whole control strategy, the simulation is carried out using MATLAB software. The global state space equation obtained by bond graph is adopted as the system mathematical model in the simulation. Assuming that the initial position of the piston rod is at the midpoint of the hydraulic cylinder, when the piston rod extends out, the displacement is the positive. The quality of the triangular reflector unit is 7000kg, the displacement of the gear pump is 1.0 × 10 −6 m 3 /r, the diameter of piston rod is 60mm, the diameter of hydraulic cylinder is 100mm, and the stroke of hydraulic cylinder is 1200mm. Step adjustment strategy.
( )
The judgment criterion ( ) Control Mode ( ) < 0: the response of the system is in the rising phase.
( ) ⋅ ( ) < 0: the output is close to the target. ( ) = 0: the response of the system is in the stationary phase.
-C o n s t a n t keep steady to avoid the static error and oscillation 1
Hydraulic Actuator
Step Adjustment Mechanism GM(1,1)
EC(t) Figure 13 : The schematic diagram of SGPID.
Simulation of Changing the Target Source.
In this condition, the switch OB in Figure 11 switches on to realize the velocity closed-loop control of the system. In order to achieve the point-to-point changing source movement of the piston rod and make piston rod move between 280mm and 600mm, the square wave signal whose amplitude is 1.6mm/s and period is 400s is given to the system to simulate two kinds of state of velocity signal (i.e., −1.6mm/s and +1.6mm/s). The displacement of piston rod is shown in Figure 14(a) . Two different strategies are simulated under the same control parameters ( = 2.26, = 0.95, and = 0.16). With the PID control strategy and the SGPID control strategy applied to the hydraulic system, the velocity curve and the velocity error curve are separately given in Figures 14(b) and  14(c) .
When the piston rod is retracted from 600mm to 280mm at a speed of −1.6mm/s, two kinds of control strategies can maintain velocity response without oscillation. However, the velocity controlled by PID strategy appears with apparent delay; in other words, response time is longer, and its velocity error is less than 0.2mm/s. On the contrary, SGPID strategy has a quick response and the velocity error has reduced to less than 0.048mm/s. As the piston rod extends out from 280mm to 600mm at a speed of +1.6mm/s, the velocity controlled by PID strategy appears with obvious oscillation and overshoot, and the velocity error is about 0.33mm/s. In contrast, the velocity error controlled by SGPID strategy reduced to 0.05mm/s with no velocity oscillation. Overall, the velocity error of PID strategy is too large, while SGPID strategy makes the velocity error remain within 0.05mm/s, which meets the requirement of FAST project.
Simulation of Scanning Tracking.
In order to simulate the working condition of the active reflector system tracking the target, the switch OA in Figure 11 
The target curve is shown in Figure 15 (a), where = 2.11375rad/s. Similarly, with the two control strategies applied to the hydraulic system under the same control parameters ( = 50.19, = 1.9, and = 0.72), the position error curve is shown in Figure 15(b) .
Therefore, the position tracking error controlled by PID strategy is within 0.6mm, but SGPID control strategy can make it remain within 0.18mm, which greatly improves the tracking accuracy.
Experimental Study
In order to verify the working performance of the hydraulic actuator, a field experiment is carried out to compare the control effects of PID strategy and SGPID strategy, which is shown in Figure 16 . The internal structure of the actuator is illustrated in subfigure A and subfigure B.
Experiment of Changing the Target
Source. Velocity control of the piston rod is achieved by the velocity closedloop control of the system, so that the piston rod realizes the point-to-point movement at speed of −1.6mm/s and speed of +1.6mm/s. Figure 17 is the control effect of the hydraulic actuator under PID strategy. When the piston rod is retracted at a speed of −1.6mm/s, the velocity response is rapid, but it oscillates at the early stage; the velocity error is about 0.2mm/s. As the piston rod extends out at a speed of +1.6mm/s, the velocity appears with obvious fluctuation, oscillation, and overshoot, and the velocity error is about 0.4mm/s. In contrast, control effect of SGPID strategy is shown in Figure 18 . There is no overshoot and fluctuation; the velocity error is reduced to less than 0.05mm/s. Therefore, the experiment proved that SGPID control strategy can improve the performance of the actuator effectively.
Experiment of Scanning Tracking.
The hydraulic actuator realizes scanning tracking by the position closed-loop control of the system. The experimental result of scanning tracking is shown in Figure 19 . It shows that the fluctuation amplitude of the position error is large (about 0.75mm) under PID strategy, but the position error controlled by SGPID strategy is within 0.2mm, whose stability is improved significantly.
Conclusion
The article presents an integrated study approach about modeling, analysis, and simulation of a new closed-loop pumpcontrolled differential hydraulic cylinder system, which is specially applied to the five hundred-meter aperture spherical radio telescope project.
The bond graph model of the complete system has been developed. Combining the pump-controlled differential cylinder with a motor circuit, the dynamic response of the closed-loop system is analyzed. To achieve the desired performance of the system with respect to the changing the target source condition and the scanning tracking condition, a suitable controller named SGPID is designed, whose adjustment mechanism is very convenient for engineering application. The close agreement between the experiment result and the simulation result validates the appropriateness of the proposed model and the effectiveness of adjustment mechanism of SGPID.
The results indicate that the SGPID control strategy is able to eliminate and reduce the velocity fluctuation and oscillation. Meanwhile, both the velocity error and the position error are controlled within a required range. It not only improves the dynamic performance of the hydraulic actuator, but also provides good protection for the normal work of the active reflector system.
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